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Hybrid Current Control Technique Applied to
Grid Connected Inverters

André G. Andreta, Márcio S. Ortmann and Marcelo L. Heldwein
Federal University of Santa Catarina – UFSC – Electronics and Electrical Engineering Department

Power Electronics Institute — INEP
88040-970, Florianópolis, SC, Brazil (e-mail: heldwein@inep.ufsc.br).

Abstract—Voltage source inverters (VSI) with LCL filter play
an important role in grid connected applications. Features
such as bidirectional power flow, reduced filter volume and
good electromagnetic compatibility performance make this a
suitable solution for such applications. However, the current
control strategy becomes more complex if compared to VSIs
with simple inductive filters. Among various current controllers,
the proportional+resonant (P+R) and deadbeat predictive ones
present interesting characteristics for steady-state and transient
performance, respectively. This paper evaluates a hybrid current
control technique, based on P+R and deadbeat controllers oper-
ating together, in order to achieve a good dynamic response and
reduced steady state error and, thus, benefit from the merits of
each of the individual controllers.

I. INTRODUCTION

Three phase inverters are fundamental devices for process-
ing energy generated from distributed energy resources to the
grid among other grid related applications, such as active filters
and FACTS devices based on VSI technology. Fig 1 presents
a model of a typical grid connection setup, where a two-level
VSI is connected to a three-phase/-wire grid through an LCL
filter. The two-level VSI is the typical inverter topology of
choice for low voltage applications. Furthermore, the use of
LCL filters ensures many advantages as compared to simple
L filters, namely: (i) volume: LCL filters are able to provide
the same attenuation as L filters at a desired frequency with
much smaller volume and lower weight; (ii) dynamics: it
is possible to design controllers with faster dynamics since
the natural LCL filter resonance frequency is typically high,
however the control strategy is unavoidably more complex
due to the increased number of poorly damped resonances;
(iii) electromagnetic interference: filters LCL achieve better
electromagnetic emissions attenuation at high frequencies.
Thus, LCL filters are usually the better technical and eco-
nomical solution to the challenging task of filtering switching
frequency harmonics of power electronics converters.

Many current control strategies have been successfully used
in grid connected three phase inverters through LCL filters.
Among them, linear controllers include: multiple resonant
controllers tuned at the grid frequency and its harmonic ones
[1], repetitive controllers [2], [3], synchronously rotating frame
proportional–integral (PI) [4] and deadbeat predictive [5]. In
the same way, non linear controllers such as hysteresis [6],
model predictive control MPC [7], [8] and sliding mode

Fig. 1. Grid connected inverter setup using a three-phase/-wire VSI connected
to the grid through an LCL filter.

[9], [10] have presented appropriate dynamic responses. In
addition, it is possible to use strategies based on multiple
control loops. For instance, one loop for the inverter-side
inductor current and a second loop for controlling the capacitor
voltages as presented in [11].

Among the linear controllers, deadbeat has the theoretical
potential to achieve the fastest dynamics. However, it cannot
ensure zero steady state error (SSE) when parametric varia-
tions, model deviations and/or dead time are present, which
is the case for grid connected inverters. On the other hand,
the resonant controller, which is based on the internal model
principle [12] and is a state-of-the-art grid connected inverter
controller, theoretically ensures an infinite gain at the designed
resonance frequency. Thus, zero SSE is achieved at the tuned
frequency. However, transient responses are typically not as
fast as with other controller options. Furthermore, similar
performance regarding other frequencies is not observed and
multiple resonant controllers need to be applied to achieve
compliance to typical harmonics related grid codes. This
increases the implementation complexity, specially in three-
phase applications, but is performed in commercially available
inverters.

In this scenario, this work proposes a hybrid controller
that employs deadbeat and resonant controllers in parallel
to implement the current controllers in a three-phase VSI
employing an LCL filter. The aim is to profit from the best
characteristics of each of these controllers and achieve fast
dynamics, high disturbance rejection and null SSE.

The work is organized as follows. Section II presents the



system modeling. The design of the controller structure is
presented in section III. The performance of the proposed
controller is evaluated from simulations and experimental
results, respectively shown in sections IV and V.

II. SYSTEM MODELING

The dynamic model of the voltage source converter with
an LCL filter shown in Fig. 1 is obtained here applying the
following Clarke transformation,[
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to the VSI differential equations in the stationary abc-frame.
As a result, two identical single-phase equivalent circuits (α
and β) are obtained as the one presented in Fig. 2. Therefore,
it is possible to represent the overall system model in a space
state form and obtain the transfer functions in order to design
the current controllers in a straightforward manner.

The continuous time state space averaged model is given
by

ẋ(t) = A · x(t) + B · u(t)

y(t) = C · x(t) + D · u(t)
(2)
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where iLc, iLr, vCd and vCf are, respectively, the current
across the converter side inductor Lc, grid current, voltage
across the damping capacitor Cd and voltage across the filter
capacitor Cf . Furthermore, vi is the switching period averaged
converter voltage and vg is the grid voltage. All current and
voltages in (3) represent both α and β variables.

The continuous time model is discretized with the zero order
hold (ZOH) method [13] with a sampling time Ts, which
results in

x[k + 1] = Φ · x[k] + Γ · u[k]

y[k] = C · x[k] + D · u[k]
, (4)

Fig. 2. Circuit model in αβ coordinates.

where
Φ = eA·Ts = L−1(sI−A)−1

Γ = (Φ− I) ·A−1 ·B
. (5)

For the sake of brevity, matrices Φ and Γ are represented
by generic terms Ki,j . Thus,
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with C = [1 0 0 0] and D = [0 0].
The iLc to vi transfer functions are obtained by the matrix

operation
P (z) = C · (I · s−Φ)−1 · Γ (7)

Finally, in order to obtain the open loop transfer function,
a 3

2Ts time delay caused by the digital modulator DPWM
double update mode and the expected computational time [14]
is considered.

One controller per axis is used for controlling inductors Lc
currents.

III. CONTROL SYSTEM DESIGN

This section presents the design criteria for both P+R and
deadbeat controllers.

A. Proportional+Resonant Controller Design

The proportional+resonant (P+R) controller design is ac-
complished by considering specific values of the open loop
crossover frequency (fc) and a given phase margin of the loop
transfer function. Fig 3 presents the Bode diagram of the loop
transfer function ( î(z)v̂(z) ) for rated design parameters and for the
considered worst case parametric variation. This considers an
increase of 30% at the inductance of Lc and Lr; an increase
of 20% of the capacitance Cf and Cd; and, Rd resistance is
decreased by 5%. The controller is designed considering this
worst case, so to avoid that these expected variations degrade
its performance.

Typically, the crossover frequency is selected in the range of
1
20 to 1

6 of the converter’s switching frequency. The considered
converter has a switching frequency of fs = 20 kHz. A
crossover frequency from fc = 1.00 kHz to fc = 3.33 kHz
is typical. However, as one can see in Fig. 3, selecting this
frequency range as a crossover frequency would imply in a
double crossing at 0 dB. To guarantee a safe stability margin,
it is decided to provide a minimum 6 dB gain margin value.
This leads to a maximum crossover frequency of fc ≤ 750
Hz.



rated

worst case

Fig. 3. Non-compensated open loop transfer function for the rated system
values and for the worst case situation.

A phase margin value of 60o was defined to ensure a
good compromise between stability and transient response as
suggested in [15].

The P+R controller at the frequency domain is defined as

CP+Ri(s) = kp+
ki · s

s2 + ωo2
. (8)

Discretization by the impulse invariant method, as suggested
in [16] leads to the following z domain transfer function,

CP+R(z) = Kp +KiTs
1− z−1cos(ωoTs)

1− 2z−1cos(ωoTs) + z−2
, (9)

where Kp is the proportional gain, Ki is the resonant gain,
Ts is the sampling time and ωo is the controller resonant
frequency.

The resonant term ωo is tuned at the fundamental grid fre-
quency and guarantees, theoretically, an infinite gain. As long
as the resonant frequency locates distant from the crossover
frequency, the resonant term provides a minimum gain at the
crossover frequency. So the proportional gain Kp defines by
itself the crossover frequency. Thus,

Kp =
1

|Hnc(fc)|
, (10)

with Hnc being the open loop transfer function and fc the
desired crossover frequency.

Making the term Ki larger leads to more gain being
provided at the frequencies around the resonance frequency.
Therefore, the controller is able to handle increased variations
of the grid frequency with an acceptable performance. How-
ever a large Ki, results in less margin phase to the system. So
the term is chosen to get the desired phase margin φM ,

arg(Hc(fc)) + 180 = φM , (11)

where Hc(fc) is the open loop transfer function with the P+R
compensator. The resulting values for the system at hand are
Kp = 3.5 and Ki = 4000. Fig 4 shows the result of the open
loop transfer function with the chosen crossover frequency and
phase margin.

Fig. 4. Compensated open loop transfer function.

B. Deadbeat Controller Design

The discrete model described by (6) is used for the deadbeat
current controller design. The aim is that the controlled vari-
able reaches the current reference in two sampling intervals.
Therefore, the following procedure is applied.

The first equation in (6) is shifted by one time step and
considered for the control of the inductor Lc current. Thus,

iLc[k + 2] = K11iLc[k + 1] +K12iLr[k + 1]+

+K13vCf [k + 1] +K14vCd[k + 1]+

+K15vi[k + 1] +K16vg[k + 1]

. (12)

Using the other equations that compose the discrete model (6)
it is possible to rewrite the terms iLc[k+1], iLr[k+1], vCf [k+
1] and vCd[k + 1] as functions of iLc[k], iLr[k], vCf [k] and
vCd[k]. The grid voltage is considered not to change within
a sampling interval, i.e., vg[k + 1] ≈ vg[k]. Therefore, it is
possible to rewrite equation (12) as

iLc[k + 2] = K11(K11iLc[k] +K12iLr[k] +K13vCf [k]

+K14vCd[k] +K15vi[k] +K16vg[k])

+K12(K21iLc[k] +K22iLr[k] +K23vCf [k]

+K24vCd[k] +K25vi[k] +K26vg[k])

+K13(K31iLc[k] +K32iLr[k] +K33vCf [k]

+K34vCd[k] +K35vi[k] +K36vg[k])

+K14(K41iLc[k] +K42iLr[k] +K43vCf [k]

+K44vCd[k] +K45vi[k] +K46vg[k])

+K15vi[k + 1] +K16vg[k]

.

(13)

Replacing iLc[k+2] with the current reference i∗Lc[k] at the
kth time instant leads to

vi[k + 1] = K51iLc[k] +K52iLr[k] +K53vCf [k] +K54vCd[k]

+K55vi[k] +K56vg[k] +K57i
∗
Lc[k + 1]

,

(14)



where

K51 = −(K11K11+K12K21+K13K31+K14K41)
K15

K52 = −(K11K12+K12K22+K13K32+K14K42)
K15

K53 = −(K11K13+K12K23+K13K33+K14K43)
K15

K54 = −(K11K14+K12K24+K13K34+K14K44)
K15

K55 = −(K11K15+K12K25+K13K35+K14K45)
K15

K56 = −(K11K16+K12K26+K13K36+K14K46+K16)
K15

K57 = 1
K15

. (15)

Equation (14) represents the converter voltage to be applied
at instant k+1, so the current iLc at k+2 will equal the current
reference, i.e., the so called deadbeat response is achieved. The
control law is based only at the previous time measurements,
so it already includes the digital implementation delay.

Due to the unknown nature of the grid impedance, it is not
possible to get a precise measurement of the grid voltage.
Consequently, an estimation of the grid voltage is to be
performed in some manner. The straightforward way is to use
the inductor Lr voltage equation,

vg[k] = vCf [k]− (iLc[k + 1]− iLc[k])Lc
Ts

. (16)

However, during fast transients, as the reference steps, the
voltage estimation diverges from the real voltage for a given
time interval. A first-order low-pass filter was designed to
improve the estimation as suggested in [14]. The best results
were achieved using a cutoff frequency of 900 Hz.

Simulation results show that voltage vCf only slightly
differs from the voltage vCd. In that way, these voltages are
considered the same so that one voltage sensor is saved.

The deadbeat controller, in the way that it is designed,
results in a close loop transfer function of two sample time
delay response. At first, its SSE would be zero. However,
each non-modeled phenomena degrades its performance. The
main effects include the VSI dead-time, voltage drop across
the circuit components and passive components parametric
variations. There are many techniques to improve a deadbeat
controller performance, [17], [18], [19], [20], [21] [22], [23].
This work uses only a dead-time compensation as proposed
in [24].

IV. HYBRID CONTROLLER DESIGN

The previous section presented individual design methods
for P+R and deadbeat controllers. The first guarantees zero
SSE at its resonant frequency, the second is able to achieve the
fastest dynamic response among the linear controllers. In that
way, this section proposes to add both controllers in parallel
as the control block diagram in Fig. 5 shows.

As a distinctive feature, the deadbeat controller rejects the
low order harmonics and, thus, several P+R controllers tuned
at each harmonic frequency will be shown not to be required
with the proposed hybrid control scheme.

A. Hybrid Controller Parameters

Two variables are added to the original controllers, namely
the deadbeat gain Kdb and the P+R gain Kpr. These can limit
the the effects of each controller in the overall control strategy.
Since the deadbeat controller has multiple states feedbacks
and the resonant controller has internal dynamics, the analysis
of the hybrid controller becomes complex. Therefore, the

+
+

+
+

Fig. 5. Closed loop diagram of the proposed strategy.

Fig. 6. Resulting total harmonic distortion of the iLc current, as a function
of the individual gains of the deadbeat and P+R controllers.

Fig. 7. Remaining current 5th harmonic (% of the fundamental grid current),
as a function of the individual gains of the deadbeat and P+R controllers.

Fig. 8. Rise time (10% à 90%) of the grid side current, as a function of the
individual gains of the deadbeat and P+R controllers.



Fig. 10. Overshoot of the grid side current iLr , as a function of the individual
gains of the deadbeat and P+R controllers.

analyses of the effects of the the variation of the controller
gains Kdb and Kpr are performed by simulation results. The
software GeckoCIRCUITS [25] is used, where a simulation
automation programmed by a script is able to run a large
amount of simulations in a short period of time, while varying
both Kdb and Kpr. A quantitative analysis of selected figures
of merit is carried out from the simulation results. This runs
also automatically.

B. Simulation Results

The simulated converter system aims to represent the real
system as closely as possible from the dynamic behavior
perspective. The following parameters are considered: variable
inductance according to the magnetic cores datasheets; 5th

harmonic and 7th harmonic components typically observed
at the voltage in low voltage (LV) grids with amplitudes
relative to the fundamental grid voltage of 5 % and 1 %,
respectively; gate drive dead-time of 1 µs. All expected digital
implementation delays were modeled and the controllers are

implemented through code. The passive components values
were specified in Section V.

Initially, a script function within the circuit simulation soft-
ware GeckoCIRCUITS is used in order to vary the controller
gains Kdb and Kpr from 0.4 up to 1, in steps of 0.02. This
sums up to 900 automatically generated simulation results.
Three dimension graphics are generated for the analysis of the
results. The following parameters are measured in each simu-
lation: grid current (iLr) THD, 5th harmonic residual grid-side
current, overshoot and rise time (10% to 90%) of iLc during a
current reference step. The rise time and overshoot responses
are conveniently measured at a synchronously rotating frame
(dq).

It is well known that the deadbeat controller can be seen
as a dynamic pole placement technique, but here it is here
analyzed as a linear controller. As shown in Fig.6 to Fig 10,
both controllers influence the responses as seen in the used
figures of merit. Nevertheless, it is clear that the deadbeat con-
troller imposes more influence to the evaluated performance
parameters, i.e., the dynamic response is more sensitive to the
deadbeat controller gain.

Fig 9 shows the behavior of the different controllers for
the same simulation conditions. Fig. 9-(a) shows the P+R
controller results, where the poor disturbance rejection in fre-
quencies other than the controller resonant frequency (60 Hz)
is evident. However, it successfully achieves zero SSE at the
grid fundamental frequency.

Fig. 9-(b) shows the deadbeat controller results. The faster
dynamic and the good disturbance rejection are noticeable.
On the other hand, the difference among the reference and the
measured currents is visible. Thus, it cannot achieve zero SSE.

Fig. 9-(c) shows the hybrid controller results with gains

* *

**

Fig. 9. Simulation results for a current step reference i∗Lc[k] ( 5 A to 10 A): (a) P+R; (b) deadbeat; (c) Hybrid controller with P+R and deadbeat gains
given by gpr = 1 and gdb = 1; and (d) Hybrid controller with unitary P+R and deadbeat gains.



Hyb(1;1)
Hyb(0.6;0.6)

Fig. 11. Spider charts comparing the P+R, deadbeat and hybrid controllers
with gain rates Hib(P+R gain; deadbeat gain) in terms of steady state error
(SSE), rise time, total harmonic distortion, maximum overshoot and rejection
of a 5th harmonic voltage disturb. All results are normalized to the worst case.

Kdb = 0.6 and Kpr = 0.6. Similar results are presented in
Fig. 9-(d) for gains Kdb = 1 and Kpr = 1. It is remarkable that
the hybrid controller assumes the qualities of both controllers.
The SSE at the fundamental frequency is null, the disturbance
rejection is improved and the dynamic responses are faster.

A spider chart is exhibited in Fig. 11, where each parameter
was normalized by the respective worst result. The goal is not
to compare the controllers performance, but to verify how the
hybrid control assumes the characteristics of both controllers.

The gains Kdb and Kpr can be tuned as the designer desires
to fulfill dynamic response requirements.

V. EXPERIMENTAL RESULTS

In order to validate the simulation results, the proposed
control strategy has been implemented in a 10 kVA VSI
prototype shown in Fig. 12. The inverter is supplied by a dc
power source (Magna-Power) with Vdc = 380 V and the phase
output voltage is set at 110 V/60 Hz. The main semiconductors
are Infineon IKP40N65F5 650 V /40 A IGBTs, operating at a
switching frequency of fs = 20 kHz. The LCL filter elements
are the following:

• Inverter-side inductor Lc = 460 µH 2x APH46P60
Amocore;

• Grid-side inductor Lr = 230 µH 0078192A7 Magnetics;
• Capacitor Cf = 4 µF;
• Capacitor Cd = 2 µF;
• Resistor Rd = 12 Ω.
The grid connection is made through a variac. Due to its

typically high inductance characteristic, a capacitive filter was
added, which is composed of a capacitor Cfv = 15.3 µF
in parallel with a damping branch, composed of a resistor
Rdv = 16 Ω in series with a capacitor Cdv = 15.3 µF.

A fast transient response is observed in Fig. 13, where a
hybrid controller with gains Kdb = 1 and Kpr = 1 is used

gate drivers

control board

heat sink

dc-link capacitors

ac side connectors

aux. power

supply

Fig. 12. Lab prototype employed for the experimental evaluation of the
presented hybrid current control technique.

Fig. 13. Experimental results of the hybrid controller with unitary P+R and
deadbeat gains showing the grid currents iLc(a,b,c)(2 A/div) and the voltages
across the filter capacitors vCf(a,b,c) (100 V/div).

and a current reference step from 3 A to 6 A is applied at
t = 0 s.

VI. CONCLUSION

This work presents a hybrid current control structure for
voltage source converters connected to the grid through LCL
filters. The proposed controller comprises individual deadbeat
and P+R controllers, focusing on a good steady state and
transient responses. The mathematical model of the system and
the design procedures to the P+R, deadbeat and hybrid con-
trollers have been introduced and simulation and experimental
results validate the control technique and the presented design
procedures. The proposed hybrid controller enables virtually



null SSE at the grid frequency, good grid voltage disturbance
rejection and a fast dynamic response. This strategy can be an
alternative to repetitive, multiple parallel resonant controllers
or multiply synchronized synchronously rotating frames con-
trollers, with reduced computational efforts. Future works will
demonstrate that the technique is robust against a large range
of grid inductance variation.
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